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Previous results [(1988) Arct. Med. Res. 47, 83-881 have shown that hemoglobin from reindeer is characterized by a low 
overall heat of oxygenation. This particular aspect has been investigated further in a series of precise oxygen equilibrium 
experiments. The results obtained show a peculiar dependence of the temperature ffect on the fractional saturation of 
hemoglobin with oxygen, which could be regarded as a very interesting case of molecular adaptation to extreme nviron- 
mental conditions. 
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1. INTRODUCTION 
Our expanding knowledge of biochemistry and 
physiology of hemoglobin is derived to a great ex- 
tent from the careful investigation of human mu- 
tant hemoglobins and the systematic observation 
of animal hemoglobins, whereby biochemical and 
physiological differences can be related to evolu- 
tionary development. In fact the allosteric proper- 
ties of hemoglobins, especially their responses to 
ligands other than oxygen, vary widely in different 
classes of vertebrates living in different en- 
vironments. Hence the oxygen affinity of the 
hemoglobin of most vertebrates is influenced by 
various chemical factors, known as heterotrophic 
ligands, and by temperature. Arguing along these 
lines, and aiming at a better understanding of the 
control mechanisms which underlie molecular 
adaptation to different environments, we have 
studied in detail the functional properties of 
hemoglobin from the reindeer with special regard 
to the effects of temperature since it is known that 
this animal encounters a great range of 
temperature changes (- 40°C to + 20°C). 
2. MATERIALS AND METHODS 
The hemoglobin, collected as described previously [l], was 
stripped by passing the hemolysate on a mixed-bed ion- 
exchange column (Dowex AG 501 x 8). The oxygen equilibria 
were measured with a diffusion chamber technique [2] except 
that the stepwise increases in oxygen tension were generated by 
cascaded gas mixing pumps (Wosthoff) while absorbance 
changes between zero and full saturation were monitored on 
recorders with high sensitivity units (Eppendorf, Radiometer). 
The application of small amounts of hemoglobin solution (layer 
thickness about 10pm) minimized equilibration time and 
methemoglobin formation, which was always less than 1%. 
Alternatively oxygen dissociation curves were obtained spec- 
trophotometrically by the tonometric method [3] at a protein 
concentration of 3-5 mg/ml. 
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3. RESULTS AND DISCUSSION 
Reindeer Hb is characterized by a very low ox- 
ygen affinity, even in the absence of organic 
phosphates e.g. 2,3-DPG [l]. Under these condi- 
tions at pH 7.0 and 20°C (in 0.1 M Bis-Tris + 
0.1 M NaCI), PSO is 15.8 mmHg, a value slightly 
lower than that of human hemoglobin A fully 
saturated with 2,3-DPG [4]. Hence, hemoglobin 
from reindeer, like that of other ruminants [5,6], 
does not need to be modulated in vivo by the 
presence of organic cofactors. This observation is 
supported further by the low level of in- 
traerythrocytic 2,3-DPG which is more than ten 
times lower than that in human erythrocytes 
(0.4 mM vs 5 mM). 
Fig.1 shows the Bohr effects of red blood cells 
from both reindeer and man. As can be seen, at 
each pH value (and despite the low level of in- 
traerythrocytic 2,3-DPG) reindeer erythrocytes 
display an oxygen affinity about 35% lower than 
that of human red cells. 
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The oxygen affinity of reindeer Hb is very much 
affected by changes in Cl- concentration (see inset 
to fig.1). Moreover, the data clearly show that 
when 2,3-DPG is added to reindeer Hb in 0.1 M 
Cl- (near physiological concentration), the oxygen 
affinity remains unchanged, confirming previous 
results obtained with bovine Hb [7,8]. The fact 
that reindeer Hb is particularly sensitive to increas- 
ing concentrations of Cl- is reminiscent of the 
behavior of Hb from Lemur fulvus fulvus [9] and 
strongly indicates that in some species mall anions 
may substitute for 2,3-DPG in modulating the ox- 
ygen affinity of Hb in vivo. 
Fig. 1. Oxygen Bohr effect of human (triangles) and reindeer 
(circles) erythrocytes at 20°C (0, A) 0.05 M Bis-Tris or Tris- 
HCl buffer plus 0.1 M NaCI; (A) 80 mM phosphate buffer. 
The inset shows the effect of increasing concentration of 
chloride ions (open squares), as observed in 0.1 M Hepes at pH 
7.4 and 2O”C, on the oxygen affinity (indicated as log PI/Z) of 
stripped reindeer hemoglobin; closed square represents the 
value obtained by adding 3 mM 2,3-DPG. 
However, the most surprising characteristics of 
reindeer Hb concerns its response to changes in 
temperature. The overall heat of oxygenation, ob- 
tained indirectly from the van ‘t Hoff equation, 
was found to be two to three times lower than that 
of human Hb under the same experimental condi- 
tions (overall AN = - 4.5 kcal/mol at pH 7.4) (see 
inset to fig.2). This finding could be of particular 
significance from an evolutionary point of view 
since it should be considered in connection with the 
great range of temperature changes (-40°C to 
+2O”C) that reindeer encounter in the wild [lo]. 
temperatures (1O’C and 20°C). The data, 
presented in the form of a Hill plot, extend over a 
saturation range broad enough to permit an 
evaluation of a number of thermodynamic 
parameters. These are summarized in table 1. One 
feature, which shows up very clearly in fig.2, is the 
strong temperature dependence of the shape of the 
binding curve. Thus, an increase in temperature 
brings about a great decrease in the association 
constant for the binding of the first oxygen 
molecule without significantly affecting that for 
the binding of the last molecule. These constants, 
which are referred to as KT and KR, respectively, 
by analogy with the T and R states of human 
hemoglobin A, are estimated by lines drawn 
asymptotically to the experimental curves at ex- 
tremely high and low 02 saturation. 
For this reason, a set of oxygen binding ex- The differential effect of temperature on KT and 
periments have been carried out in the presence of KR raises the free energy of heme-heme interac- 
chloride and carbon dioxide (4%) at two tions AGi (which equals RT ln(KT/KR), where R is 
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Fig.2. Effect of temperature on oxygen equilibria of reindeer Hb measured in 0.05 M Tris-HCl buffer in the presence of 4510 of carbon 
dioxide. Closed and open circles refer to 10 and 2O”C, respectively. The inset shows the van ‘t Hoff equation plot obtained in the 
case of human hemoglobin A (dashed line) and reindeer hemoglobin (closed square) in 0.1 M Hepes plus 0.1 M NaCl, pH 7.4 and 
T = 2O”C, at 50% saturation. Data on HbA are obtained in the presence of 3 mM 2,3-DPG. 
the gas constant and T the absolute temperature). 
Under the experimental conditions reported in 
fig.2 an increase of temperature of 10°C results in 
about a 30% increase in the free energy of interac- 
tion from 1.0 kcal/mol at 10°C to 1.5 kcal/mol at 
20°C. This is mainly due to the difference in the 
overall heat of oxygenation relative to the T and R 
states of the molecule. Thus, while AH of oxygen 
binding to the T state is strongly exothermic, that 
of the R state is very close to zero or even positive 
(after correction for the heat of the oxygen solu- 
tion) (see table 1). It should be recalled that this 
finding, although different from data obtained for 
human hemoglobin A [ 1 I], shows a trend which is 
similar, though not as extensive as that of sheep 
Hb [12]. 
A very unusual and striking feature which 
emerges from the analysis of reindeer Hb is the 
fact that the position of the upper asymptote is 
almost temperature independent; to our 
knowledge this is the first time that the R state of 
a hemoglobin has been found to display such a 
small AH for ligand binding. 
Moreover, it should be emphasized that the 
dramatic difference in the thermodynamics of the 
two conformational states of reindeer Hb results in 
Table 1 
Thermodynamic parameters for the binding of oxygen to 
reindeer Hb 
T state R state 
AG -6.5 -8.0 
AH - 15.9 - 0.79 
TAS -9.4 + 7.2 
A0 37.1 (mmHg) 2.5 (mmHg) 
The parameters refer to the reaction of a molecule of ligand 
with a single site in a T or R quaternary state. Enthalpy, entropy 
and free-energy changes are expressed as kcal/mol of oxygen in 
solution. Conditions as in fig.2 
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a particular dependence of the temperature ffect 
on the degree of oxygen saturation (n of the pro- 
tein. This behavior is outlined in fig.3. For values 
of P higher than 0.6, i.e. within the range of 02 
saturation in which the protein is working in vivo, 
the overall heat of oxygenation is of the order of 
- 3.8 kcal/mol 02, approaching zero as Ptends to 
1.0. 
As far as proton concentration is concerned it 
should be noted that H+ acts mainly (at least in the 
absence of carbon dioxide) on KT by shifting the 
deoxy-asymptote to lower affinities (KT = 
12.6 mmHg at pH 7.46; Kr = 42.6 mmHg at pH 
7.0) affecting slightly the upper asymptote (KR = 
0.6 mmHg at pH 7.46; KR = 0.9 mmHg at pH 
7.0). This follows, at least within this pH range, 
the behavior of human hemoglobin where lower 
pH reduces KT slightly altering & [ 131. The pre- 
sent data allow the estimation of the Bohr effect 
for binding of the first and the last oxygen 
molecules (i.e. Alog KT/A~H and Alog KJApH, 
respectively) as - 1.15 and -0.37, thus showing 
that most protons are released on binding of the 
first oxygen molecule. 
The results reported here show that the func- 
tional behavior of reindeer Hb displays some 
peculiar features which make this protein an exam- 
ple of molecular adaptation to extreme environ- 
ment. In fact, present day reindeer graze like their 
wild ancestors, beyond latitude 65”, showing a 
high degree of physical fitness [lo] to the en- 
vironmental conditions. In our opinion a great 
part of this fitness could be attributed to the 
unusual thermodynamic properties of its 
hemoglobin which, being characterized by a small 
negative AH in the upper part of the binding curve, 
does not require much energy during its 
oxygenation-deoxygenation cycle. In other words, 
at the level of the peripheral tissues, i.e. legs, skin, 
etc., where temperature is -10°C lower than that 
of the lungs (37”C), oxygen delivery is not 
drastically impaired, thus requiring l/3 or less of 
the heat necessary in other mammals [ 141. 
The energy saving displayed by reindeer Hb is 
certainly one of the most elegant examples of the 
different strategies which have been adopted dur- 
ing evolution to solve the problem of oxygen 
Fig.3. The overall AH of oxygen binding, calculated from the 
data reported in fig.2, reported as a function of fractional 
saturation (n. Data were obtained from the experimental 
points and refer to 02 in solution. 
transport to respiring tissues. These data call for a 
structural investigation to elucidate the molecular 
mechanism which is at the basis of the unusual 
thermodynamics of this arctic hemoglobin. 
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